ABSTRACT: It is known that shorter stature is associated with sensorineural hearing loss; and that cochlear development is associated with activity of IGF 1, as are many important aspects of neurodevelopment. We hypothesized that this relation might be extrapolated to a normally hearing group, and that the strongest relation between hearing level and growth rate would be in late puberty, when serum IGF-1 levels are highest. We examined the statistical relation between childhood hearing threshold and rate of growth in height at different times during the life course up to age 32. We found mixed support for the hypothesis. The strongest relations were observed in late puberty, at the ages which previous research shows are associated with the highest serum concentrations of IGF-1 in males and females, but also in infancy and early childhood. The association between hearing and height is present in a normally hearing, general population sample, and is associated with growth in late adolescence. Our findings support the idea that childhood hearing threshold may be predictive of IGF-1 mediated developmental characteristics. P revious research has demonstrated that sensorineural hearing loss in adulthood is associated with short stature, and it has been postulated that this is due to low levels of IGF 1 (1,2). IGF-1 is involved in the process of shaping the developing cochlea, having a role in preventing apoptosis (3), its lack is known to produce sensorineural hearing loss in humans (4 -6), and it may also play a role in the protection of the cochlear outer hair cells (7, 8) . IGF-1 is also known to influence physical stature, particularly during the adolescent growth spurt (9,10). In Turner's syndrome, a condition associated with reduced sensitivity to growth hormone, it has been shown that hearing is correlated with serum IGF-1 levels (11). Furthermore, mutations of the IGF-1 gene can lead to growth, neurologic, and hearing deficits when homozygous (4 -6), and people who are heterozygotic for these mutations may tend in the same direction (5), though heterozygotic effects in hearing were not detected in a mouse model (12).
P revious research has demonstrated that sensorineural hearing loss in adulthood is associated with short stature, and it has been postulated that this is due to low levels of IGF 1 (1, 2) . IGF-1 is involved in the process of shaping the developing cochlea, having a role in preventing apoptosis (3), its lack is known to produce sensorineural hearing loss in humans (4 -6) , and it may also play a role in the protection of the cochlear outer hair cells (7, 8) . IGF-1 is also known to influence physical stature, particularly during the adolescent growth spurt (9, 10) . In Turner's syndrome, a condition associated with reduced sensitivity to growth hormone, it has been shown that hearing is correlated with serum IGF-1 levels (11) . Furthermore, mutations of the IGF-1 gene can lead to growth, neurologic, and hearing deficits when homozygous (4 -6) , and people who are heterozygotic for these mutations may tend in the same direction (5) , though heterozygotic effects in hearing were not detected in a mouse model (12) .
Variation in normal hearing ability stems from both external sources such as noise, infections, and ototoxic agents; and internal sources. We have demonstrated that variation in hearing level within the normal range (i.e., better than 15 dB HL) is associated with a range of behavioral and social outcomes in children (13) . If a low level of IGF-1 impairs cochlear development to produce hearing loss, less extreme variation in IGF-1 levels may be one factor in the determination of normal hearing ability. Given that the IGF system is also associated with adolescent growth in physical stature, and that height and hearing ability covary, the aim of this research was to determine whether variation in normal hearing level measured in a general-population sample of children was associated with growth.
METHOD
Participants were members of the Dunedin Multidisciplinary Health and Development Study, a longitudinal investigation of health and behavior in a birth cohort (14) . The study members were born in Dunedin, New Zealand between April 1972 and March 1973. Of these individuals, 1037 children (91% of eligible births; 52% male) participated in the first follow-up assessment at age 3, which constituted the base sample for the remainder of the study. Cohort families represented the full range of socioeconomic status in the general population of New Zealand's South Island and were mainly white of European descent. Follow-ups were done at ages 5, 7, 9, 11, 13, 15, 18, 21, 26, and most recently at age 32 y when we assessed 972 (96%) of the 1015 study members still alive. The Otago Ethics Committee granted ethics approval for each phase of this longitudinal study. Study members and their parents gave informed consent before participating.
Hearing measure. The pure-tone average (PTA) was developed as an overall measure of hearing in childhood. It was based on standard pure-tone audiometry which was conducted at four ages (5, 7, 9, and 11) , and this process is described more fully elsewhere (13) . Briefly, the measure was developed according to previous research demonstrating that hearing disability in adults best correlates with a pure-tone average based on the 0.5, 1, and 2 kHz thresholds, and an average across ears calculated using a weighting ratio of 4:1 with respect to the better hearing ear (15) . Since we were interested in sensorineural hearing level, not the impacts of middle-ear disease, we excluded anyone from whom less than two thresholds were measured under normal middle ear conditions (i.e., Type A or C1 tympanogram) during childhood (n ϭ 303). Since we were interested in those with normal (i.e., better than 15 dB HL) hearing ability, the 23 people with overall PTA worse than 15 dB HL were also excluded from analyses. The final measure of PTA used was the mean score for the 711 people who had undergone at least two audiograms with normal middle ear conditions during childhood, and for whom the mean was no poorer than 15 dB HL.
Socioeconomic status. To control for confounding effects associated with socioeconomic status throughout childhood (e.g., diet), it was included in all statistical models. The variable used was an average from birth to age 15, based upon parental occupation at each age rated according to a six point scale where low values represent unskilled labor, and high represent the professions (16) .
Stature. Height was measured in millimeters at every assessment age from birth to 32 y. Growth between each measurement age was calculated (Fig. 1) .
Data analysis. Two sets of multiple linear regression models were conducted. In the first set, childhood PTA was used to predict height at each age. In the second set, the relation between childhood PTA and growth from one assessment to the next was assessed by controlling for height at the previous age. All analyses were controlled for childhood socioeconomic status, and were conducted separately by sex because of different growth patterns in the two sexes.
RESULTS
Peak growth was between birth and age three for both sexes, and the secondary peak was between age 11 and 13 for females, and between age 13 and 15 for males (Fig. 1) .
The first set of analyses showed that childhood PTA predicted height in both males and females. In both sexes, there were two peaks of predictive power, once in early childhood, and once at age 18 ( Fig. 2) . After age 18, the predictive ability of childhood PTA dropped slightly then remained approximately constant to age 32.
The second set of analyses demonstrated that childhood hearing ability was associated with growth rates during infancy and late puberty (Fig. 3) . The peak regression coefficients were in the birth to age 3 period for both sexes, from age 13 to 15 for females, and from age 15 to 18 for boys.
DISCUSSION
This research has shown a number of interesting findings. The first of these is that normal hearing is associated with height in a general population sample. Linear regression modeling showed that, those with better childhood hearing levels tended to be taller (Fig. 2) . While this effect was small at most ages, the association was stronger at ages 3-5 y, and at age 18; these being the periods of maximal growth.
Growth from birth to age three and during late adolescence was predicted by childhood hearing level in both males and females (Fig. 3 ). There were two sets of peaks in the graph of predictive power for childhood hearing level and growth; from birth to age three, and during adolescence. For females, the adolescent peak predictive power for childhood hearing on growth (age 13 to 15; Fig. 3 ) occurred after peak growth (age 11 to 13; Fig. 1) ; and for males the same sort of discrepancy was observed, peak growth was between ages 13 and 15, while peak predictive power for childhood hearing on growth was between ages 15 and 18.
The findings of peak predictive power for childhood hearing on growth rate in adolescence are consistent with previous research which has shown that peak concentrations of serum IGF-1 occur at age 14.5 for females and 15.5 for males, i.e., later than the peaks in growth rate (10) . Presumably the earlier part of the growth spurt reflects the action of sex hormones, which have no impact on cochlear development; and the later growth reflects the function of the IGF system, given that IGF-1 concentration is known to increase toward the end of puberty (17) . This may also explain why the maximum regression coefficient relating childhood hearing to height was not until age 18 (Fig. 2) ; if IGF-1 mediated growth is predicted by childhood hearing level, it had to be 
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While the association between growth and hearing levels was strong in late puberty, when serum IGF-1 levels are high, we also observed peaks in the relationship between PTA and growth rate during the period from birth to age 3, a period when IGF-1 levels are known to be low (10, 18) . Previous work has shown links between IGF-1 levels in Turner's syndrome and hearing (11) , and reduced growth in Turner's syndrome in infancy (19) , and other studies have shown that genetic mutations associated with abnormal IGF-1 are also predictive of poor hearing and infant growth (4 -6). Thus, it may be supposed that relatively small influences on the IGF system during infancy could influence both development of the hearing system and growth rate during this period.
A possible explanation for the effects observed here is a variable degree of heterozygosity in genes associated with low IGF-1. The lack of a statistical difference between heterozygous and normal mice (12) may not discount this. Possibly, individuals with genetic predisposition to produce less IGF-1 may end up with less redundancy in sensory cells, causing no detectable differences in hearing in one month old cochleae as assessed in mice, but with detectable effects in the ears of children between 5 and 11 y of age as we studied. Another possibility is suggested by comparison of the brainstem auditory evoked potentials for the lower level (30-60 dB) stimuli used by Cediel et al. (their Fig. 1 ), which are clearer in the normal than in the heterozygous mice. It may be that heterozygous individuals have poorer than normal development in the structures involved in the cochlear active process, so that effects are noticeable only at very low levels around the audiometric threshold; such levels as were used in the present research.
We have shown previously that variation in childhood hearing within the normal range is associated with childhood IQ, language abilities, identification of speech in noise, and with behavioral problems in girls (13) . We hypothesized three potential causes of variability in PTA as mechanisms underlying these relationships: noise or disease insults, psychological factors, and neurodevelopmental factors. The current findings linking hearing level to the IGF system support the idea that neurodevelopmental factors may play a part in the link between variability in normal hearing and the observed outcomes. This effect would be both parallel, in that development of the hearing system would be effected as well as other neuronal systems, and also sequential, in that slightly poorer hearing may contribute to the neurodevelopmental impacts. These associations between hearing, cognition, behavior, and growth are also consistent with previous research which has shown relationships between cognitive functioning, behavior, and height through childhood and adolescence both in the same birth cohort as the present study (20) , and in other children (21) . The present findings, when combined with these earlier studies imply that the IGF system may be a common feature underlying all of the observed associations. Future longitudinal research may potentially test this hypothesis directly by measuring serum IGF-1 levels at the relevant ages and determining whether variation in it is associated with the other variables suggested here. Similarly, investigation of IGF-1 gene mutations in comparison with the level of normal hearing ability in humans would be of interest.
Previous research has demonstrated associations between hearing loss in adulthood and small stature (1) , and between hearing loss in childhood and low birth weight (22) . We have shown associations between variability in normal hearing level in childhood and rate of growth in infancy and late puberty, with the strongest associations being at the ages when serum IGF-1 concentration is highest for each sex. An explanation for our findings is that variation in the IGF system mediates both hearing level within the normal range in childhood and growth in late puberty and early infancy. The findings are interesting because they occur in a generalpopulation sample, and among those whose hearing level was good (i.e., no worse than 15 dB HL). Our findings build upon laboratory research, which shows a role for IGF-1 in cochlear development and maintenance, and provide longitudinal support for this. This research also bears upon our own earlier findings of poorer behavior and neurocognitive ability in those with poorer normal childhood hearing level (13) in that the differences we found previously may be, at least partly, explained by activity of the IGF system.
